Many researchers suspect that the environmental factors that have been identified to date are important risk factors for SIDS, but by themselves would pose minimal hazard to a healthy infant. Infants that die due to SIDS are suspected to have some underlying physiological abnormality that makes them vulnerable to sudden death. 5, 6 One hypothesis is that infants who are vulnerable to SIDS experience delayed or faulty transition from the production of fetal to adult hemoglobin. [7] [8] [9] [10] [11] [12] Fetal hemoglobin has a higher affinity for oxygen than does adult hemoglobin, and therefore facilitates the transfer of oxygen from mother to infant in utero. During the last weeks of gestation, an infant normally begins the transition from production of fetal to adult hemoglobin; by 6 months of age only traces of fetal hemoglobin are normally detected in the circulating blood. Persistently elevated levels of fetal hemoglobin could contribute to reduced oxygen delivery to vital tissues because of fetal hemoglobin's relatively high affinity for oxygen. [8] [9] [10] [11] To date, this theory has been supported primarily by autopsy studies, many [8] [9] [10] [11] 13 but not all 14, 15 of which have found elevated levels of fetal hemoglobin post mortem in SIDS cases. No study has yet shown whether these differences precede the fatal event and, specifically, whether hemoglobin levels measured at birth predict risk of SIDS.
In this article we report on the findings of a large population-basedcohortstudyofadulthemoglobinleveland the risk of SIDS. In addition to encompassing a large number of SIDS cases, this investigation uses information on hemoglobin levels collected from newborns, rather than information derived from postmortem blood samples. [8] [9] [10] [11] [13] [14] [15] The cohort design of this study allows us to clearly establish the temporal relationship between hemoglobin levels and SIDS, something that could not be done in previous autopsy-based case-control studies. A database of hemoglobin measurements for more than 3.2 million live births included in the California Newborn Screening Program was linked with California vital statistics records. These data were used to examine the association between levels of adult hemoglobin and SIDS among infants born in the state of California from 1990 to 1997.
METHODS
The level of adult hemoglobin at birth, expressed as a percentage of the total hemoglobin in the blood sample, was determined for 99% of live-born infants in the state of California from March 1, 1990 , through December 31, 1997, as part of the California Newborn Screening Program. 16, 17 Dried blood-spot specimens, collected via a heel stick, were analyzed by means of highperformance liquid chromatography. The screening is mandatory for all live births in the state, regardless of whether the birth occurs in a hospital. In this study, we used information from the Newborn Screening Program for all nontransfused infants who had an adequate blood specimen collected within 6 days of birth.
These Newborn Screening Program records were linked to California's birth cohort (live birth and infant death) records. All live-born infants with a birth certificate registered in the state of California during the study period were followed up during the first year of life to identify infant deaths; for infant deaths occurring out of state, death certificates were sent to California under the National Infant Death Linkage Project. The percentage of Newborn Screening Program records successfully linked to birth cohort records ranged from 85% in 1990 to 92% in 1997.
Deaths due to SIDS were identified by code 798.0 of the International Classification of Diseases, Ninth Revision. 18 California has a rigorous system of verification of each SIDS case that includes detailed protocols for autopsy and death scene investigation. 19 Information from the birth certificate was used to define study covariates. Information on sex and date of birth was complete for all infants. Infant race and Hispanic ethnicity were assigned using maternal and paternal race/ethnicity information. 20 Infants of unknown race (Ͻ1%) were classified as white; infants of unknown ethnicity (7%) were classified as nonHispanic. Length of gestation was determined by subtracting the date of last menses from the date of birth. Infants for whom length of gestation could not be calculated owing to missing information on the date of last menses were excluded ( Table 1) . In regression analyses, we included a continuous term for length of gestation; newborn hemoglobin-SIDS associations were also examined in subgroups defined by length of gestation. Intrauterine growth restriction was defined as any infant whose birth weight was below the 10th percentile for their gestational age based on a standardized tabulation of birth weight for gestational age by race, sex, and parity for US newborns. 21 Infants with missing birth weights were excluded from the analyses ( Table 1) . Maternal age was categorized into 7 groups (Յ16, 17-19, 20-24, 25-29, 30-34 , and Ն35 years); infants with missing information on maternal age were excluded (Table 1) . Maternal education was categorized in 4 groups (Ͻ12, 12, 13-15, and Ն16 years of formal education); for birth records with missing information on maternal education (Ͻ1%), the mother was assumed to have completed 12 years of schooling. Maternal smoking during pregnancy and preeclampsia/eclampsia during pregnancy were recorded on the birth certificate as dichotomous variables.
Exposure groups were defined on the basis of quintiles of the distribution of adult hemoglobin level in the study population. For multivariate analyses, the association between adult hemoglobin level and SIDS risk was estimated by logistic regression. Odds ratios were calculated using the upper quintile as the referent category. Initially we fit a linear regression model. However, visual inspection of the relationship between adult hemoglobin level measured at birth and the logarithm of the odds for SIDS death suggested nonlinearity. Therefore, the fit of the linear model was compared with the fit of a model with additional terms for adult hemoglobin level squared and adult hemoglobin level cubed, which we refer to as a linear-quadraticcubic model. The change in deviance upon inclusion of each additional term in the regression model, also known as a likelihood ratio test statistic, was interpreted using a 2 distribution. Results presented herein are for the best-fitting model, ie, the linear-quadratic-cubic model. Given the rarity of the outcome, the odds of SIDS closely approximates the risk of SIDS and is presented as such in the text. Statistical analyses were performed with the SAS software. 22 Most of the infants in the study population (99%) exhibited the normal hemoglobin pattern (Hb FA) in which most hemoglobin in the sample is of fetal type, with the remainder being hemoglobin of adult type. A small proportion of infants in the study exhibited other patterns (eg, presence of sickle cell hemoglobin). We did not exclude these infants from our primary analyses because we wanted the study population to appropriately reflect the entire population at risk. To examine the influence on study findings of infants who exhibited variant hemoglobin patterns, however, we replicated our primary findings in a subcohort restricted to infants with the hemoglobin pattern Hb FA.
RESULTS
Enumeration of the study cohort is summarized in Table  1 . The study included 3 242 606 infants among whom 2425 deaths were attributed to SIDS; the overall risk of SIDS was 74.8 per 100000 infants. Similar to observations from previous research, the risk of SIDS was higher among male than female infants, higher among nonHispanic black infants than other infants, and higher among those born prematurely and with intrauterine growth restriction ( Table 2 ). The risk of SIDS was higher among infants whose mothers were young and educated at a high school level or less. The risk of SIDS was higher among infants whose mothers smoked during the pregnancy and higher among infants whose mothers experienced preeclampsia or eclampsia during the pregnancy ( Table 2) .
The average level of adult hemoglobin was lower for those born prematurely than for those born full-term. It was also lower among Asian and non-Hispanic black infants than other infants. The average level of adult hemoglobin was higher among infants whose mothers were young, were educated at less than a high school level, had smoked, or had experienced preeclampsia or eclampsia during pregnancy (Table 2) . Table 3 shows the distribution of SIDS deaths and the crude (unadjusted) risk of SIDS by adult hemoglobin level. Categories were defined by quintiles of the adult hemoglobin distribution, so each group included 20% of the infants in the study cohort. The 20th, 40th, 60th, and 80th percentiles of the distribution (which define the quintiles) were 7.5%, 9.4%, 11.4%, and 14.0%, respectively; the 50th and 95th percentiles were 5.2% and 18.5%, respectively. The risk of SIDS was greater for infants who had relatively low levels of adult hemoglobin at birth than for infants who had higher levels of adult hemoglobin. After adjusting for sex, race/ethnicity, maternal age, maternal education, maternal smoking, preeclampsia/ eclampsia, intrauterine growth restriction, and length of gestation, the risk of SIDS was estimated to be 2.15-fold greater for infants in the lowest quintile of the adult hemoglobin distribution compared with infants in the top quintile of the adult hemoglobin distribution (Table 3) .
We developed a regression model for the association between adult hemoglobin level and SIDS risk. A model with linear, quadratic, and cubic polynomial terms for adult hemoglobin level fit the data significantly better than a simple linear model (likelihood ratio test, 40. Restriction of the cohort to the 3196863 infants with the normal hemoglobin pattern, Hb FA, led to nearly identical estimates of association between adult hemoglobin level and SIDS for each of the categories plotted in the Figure with the exception of the lowest category of adult hemoglobin, for which the adjusted risk estimate was 7% higher in the restricted cohort (338 SIDS cases per 100 000) than in the full cohort (311 SIDS cases per 100000). We examined the association between adult hemoglobin level and SIDS within subgroups defined by length of gestation (Table 4) . Exposure categories were defined by quintiles of the adult hemoglobin distribution within each subgroup. There was evidence of an inverse association between adult hemoglobin level and SIDS, adjusting for all other study covariates (including gestational age to control residual confounding within gestational age categories), within each subgroup; trends were not monotonic in the subgroups for infants with the shortest lengths of gestation (Ͻ34 and 34-35 weeks).
An inverse association between adult hemoglobin level and SIDS was observed in nearly all strata defined by maternal age, education, preeclampsia/eclampsia dur- (Table 4) . During the study period, the risk of SIDS declined from 106.8 deaths per 100 000 infants in 1990 to 52.7 deaths per 100 000 infants in 1997. Despite the decline in SIDS risk during the study period, evidence of an adult hemoglobin-SIDS association was observed for infants in each of the birth cohorts (Table 4) .
COMMENT
In this cohort, there was an inverse association between adult hemoglobin levels measured in the first days of life and the subsequent risk of SIDS (Figure) . Highperformance liquid chromatography was used to quantitate adult hemoglobin levels, with results expressed as a percentage of total hemoglobin. A low adult hemoglobin level, therefore, is evidence that an infant has experienced a delayed or faulty transition to production of adult hemoglobin; it is not necessarily evidence that the infant has a low total hemoglobin level (ie, anemia). In fact, newborns with significantly low total hemoglobin levels were excluded from analyses because their blood samples were considered inadequate for determination of hemoglobin levels (Table 1) . It is possible that a deficit in adult hemoglobin level at birth (and corresponding elevation in fetal hemoglobin level) is a marker of an underlying chronic pathologic condition or developmental impairment (eg, in cardiorespiratory control) or that elevated fetal hemoglobin level is itself involved in the etiology of some deaths due to SIDS.
An alternative possibility is that the observed association between adult hemoglobin level and SIDS reflects the effects of other factors associated with both adult hemoglobin level measured at birth and SIDS risk. Prenatal characteristics are a priori more plausible than postnatal characteristics as potential confounding factors in these analyses, because any potential confounder must be associated with hemoglobin levels measured at birth.
Prenatal maternal smoking, for example, appears to be associated with adult hemoglobin levels at birth and subsequent SIDS risk (Table 1) , and therefore could be a confounder of the association under study. Although we adjusted our regression analyses for maternal smoking during pregnancy, the information that we used was selfreported and permitted only adjustment for a dichotomous indicator of prenatal maternal smoking status; therefore, control for potential confounding by this factor is incomplete. We also adjusted our analyses for several sociodemographic factors, including race/ethnicity and maternal education. Adjustment for these factors may also help to control for the effects of some potential confounding environmental or behavioral factors. Nonetheless, potential bias due to uncontrolled confounding remains an important consideration in the interpretation of these findings.
Although there was an inverse association between adult hemoglobin levels and SIDS risk among nonHispanic white and black infants, Hispanic infants, and infants of other race, there was no evidence of an association between adult hemoglobin level and SIDS among Asian infants (Table 4) . Asian infants had the lowest risk of SIDS and the lowest average adult hemoglobin levels in this cohort (Table 2) . It is unclear why the predictive value of adult hemoglobin level as a risk factor for SIDS is poorer for Asian infants than for other infants.
The Back to Sleep campaign and other efforts to reduce exposure to environmental risk factors for SIDS have coincided with a significant reduction in deaths due to SIDS 23 ; during the study period, the risk of SIDS in California decreased by approximately 50%. Despite this decline, the association between adult hemoglobin level at birth and SIDS persisted during the study period (Table  4 ). This finding suggests that, although the risk of SIDS has declined, the proportion of SIDS deaths that is associated with adult hemoglobin has not diminished.
We focused on adult rather than fetal hemoglobin level because of the recording practices followed during this period. The levels of adult hemoglobin and nonacetylated fetal hemoglobin were stored in computerized files; however, results of high-performance liquid chromatography for the distinct acetylated fetal hemoglobin peak were not stored, thereby limiting the accuracy of estimates of fetal hemoglobin measures. 16 Despite this limitation, fetal hemoglobin levels were inversely correlated with adult hemoglobin levels and, consequently, positively correlated with SIDS risk (results not shown).
We suspect that low adult hemoglobin levels at birth (and corresponding elevations in fetal hemoglobin) are correlated with low adult hemoglobin levels later in infancy when SIDS deaths tend to occur. Such a correlation was observed in a small pilot study that examined repeated hemoglobin measurements from birth to 6 weeks of age. 12 A number of studies have examined postmortem levels of fetal hemoglobin in SIDS cases. Many [8] [9] [10] [11] 13 but not all 14, 15 of these investigations support the conclusion that fetal hemoglobin levels are abnormally elevated in postmortem blood samples from SIDS cases. A useful direction for future research might be to obtain follow-up hemoglobin measures several weeks (eg, 4-8 weeks) after the newborn screening to investigate whether the latter measure is also a predictor of SIDS risk.
Stewart [24] [25] [26] suggested that infants with difficulty switching from fetal to adult hemoglobin may also have difficulty switching from passive to active immunity. She postulated that high levels of fetal hemoglobin (and low levels of adult hemoglobin) may be associated with risk of death due to SIDS and death due to respiratory infection. Similarly, Fagan and Walker 9 suggested that elevated fetal hemoglobin levels might be a marker of a predisposition to sudden death in response to a variety of insults, rather than a unique marker of predisposition to SIDS.
CONCLUSIONS
The findings of this study support the conclusion that the etiology of some SIDS cases begins before birth. In this large cohort, the level of adult hemoglobin, measured in the first days of life, was associated with subsequent risk of SIDS. The relative risk of SIDS was more than 2-fold higher in the upper quintile of the adult hemoglobin distribution, and more than one third of SIDS cases occur among infants in the upper quintile of the adult hemoglobin distribution. Given the rarity of SIDS, however, the current findings suggest that information on newborn hemoglobin levels would not have the nec- essary sensitivity or specificity to be useful for screening purposes for SIDS. Further research, for example evaluating the association between SIDS and persistent deficits of adult hemoglobin, may improve the utility of adult hemoglobin level as a tool for identifying infants at greatest risk of SIDS. Despite these limitations, our findings suggest that in the first hours of life there is evidence of differences in SIDS risk based on hematological characteristics.
What This Study Adds
Infants normally begin a transition from the production of fetal to adult hemoglobin during the final weeks of gestation. It has been suggested that delayed or faulty transition to the production of adult hemoglobin plays a role in the etiology of SIDS. We conducted a large population-based cohort study of the association between adult hemoglobin level measured at birth and subsequent risk of SIDS. The study's findings suggest that newborns with low adult hemoglobin levels are at elevated risk of SIDS.
